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Cardiovascular disease (CVD) remains the leading cause of morbidity and mortality worldwide, with endo-
thelial dysfunction as a key precursor. Flow-mediated dilation (FMD), the gold-standard measure of endo-
thelial function, is improved by (poly)phenol-rich foods and extracts, with increases of 1% FMD represent-
ing 13% reduced cardiovascular risk. This narrative review aims to evaluate the efficacy of various (poly)
phenol-rich foods and extracts on endothelial function as measured by flow-mediated dilation (FMD) and
assesses the feasibility of a food-first approach. Literature was systematically searched from databases
including PubMed and Web of Science, focusing on human clinical trials. While all (poly)phenol-rich food
groups demonstrate variable effects, berries (0.9-2.6%), cocoa (0.7-5.9%), and tea (1.2-4.8%) have the
most robust evidence, consistently improving FMD, with chronic intake sustaining benefits. A large var-
iance (0.8-8.7%) was observed with grape-derived (poly)phenols, making their effects difficult to sub-
stantiate without detailed compositional or metabolomic data; however, a few key studies highlight their
potential. Citrus polyphenols also exhibit variable FMD responses (0.2-7.2%). However, strong mechanis-
tic evidence supports their role in vascular health and nitric oxide (NO) bioavailability. Coffee exhibits a
variable response, initially impairing FMD, likely due to caffeine, before later improving endothelial func-
tion as phenolic metabolites increase. Although estimated (poly)phenol intake in Western populations is
high (~1000-1200 mg day™), it is primarily derived from tea, coffee, and cocoa, limiting exposure to
diverse bioactive compounds. Moreover, the food matrix significantly influences bioavailability, with co-
consumed components such as milk or sugar attenuating FMD responses. Interestingly, fortification and
enrichment maintain bioactivity and may optimize intake, ensuring consistent and diverse delivery. Future
research should refine dietary guidelines, establish intake thresholds, and explore fortification strategies to
maximize cardiovascular benefits while considering dose—response relationships and long-term efficacy.

1. Introduction

Cardiovascular disease (CVD) remains a leading cause of mor-
tality worldwide, responsible for approximately 17.9 million
deaths annually (WHO 2019), with common cardiovascular
risk factors such as hypertension, dyslipidaemia, diabetes,
obesity, and smoking playing significant roles in its
development.”” Increased fruit and vegetable consumption
mitigate risk and reduce CVD incidence with consumption of
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>8 portions (>569 g day ') associated with a reducing risk of
cardiovascular mortality by 15% compared to those consum-
ing <3 portions (<240 g day').> Similarly, a meta-analysis by
Aune and colleagues highlighted a 28% risk reduction in
cardiovascular mortality associated with the consumption of
800 g day ' of fruits and vegetables.” The effects in part are
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due to the consumption of (poly)phenol-rich foods such as
cocoa, coffee, tea, and berries which contain these bioactive
compounds that can modulate endothelial function and the
inflammatory processes and reduce oxidative stress.>® The
largest (poly)phenol based randomized intervention study to
date, COcoa Supplement and Multivitamin Outcomes Study
(COSMOS) also supports these population and experimental
observations. The COSMOS study intervened with daily sup-
plementation of 500 mg cocoa flavan-3-ols in n = 21 444 people
over ~3.6 years reducing cardiovascular mortality by 27% in
the study population.” This narrative review aims to evaluate
the efficacy of (poly)phenol-rich foods and extracts on endo-
thelial function as measured by flow-mediated dilation (FMD)
and explores dietary guidance considerations based on existing
evidence. A systematic search was performed using databases
including Medline, Scopus and Web of Science. 4875 manu-
scripts were screened and 97 were included in the final syn-
thesis (2000-2023). The selection of (poly)phenol-rich foods
included in this review was based on their dietary relevance in
Western populations, their significant contribution to overall
habitual intake, and the availability of robust evidence linking
them to improvements in cardiovascular health and endo-
thelial function as measured by FMD.

1.1 Endothelial function and its role in cardiovascular disease

Endothelial function is a critical determinant of cardiovascular
health, encompassing impaired functionality of the blood
vessel inner lining known as the endothelium.® This layer
modulates key vascular processes, including blood flow regu-
lation, vasodilation, vasoconstriction, and the release of signal-
ling molecules.” The pathogenesis of endothelial dysfunction
is multifaceted.'® Albeit, at its core, chronic inflammation and
oxidative stress are key mediators,”! negatively impacting
endothelial cells and disrupting their normal functions includ-
ing, misbalancing vasoconstrictors such as endothelin-1 (ET-1)
and angiotensin II (Angll), and reducing the production of
nitric oxide (NO), a gaseous signalling molecule and potent
vasodilator essential for regulating tone.>'?
Diminished NO availability impairs blood vessel relaxation,
leading to vasoconstriction, simultaneously increasing oxi-
dative stress, damaging endothelial cells and further reducing
NO bioavailability (the amount of a compound or nutrient that
is absorbed, entering systemic circulation where it becomes
available to exert a physiological effect), thereby fostering
inflammation and stimulating the release of pro-inflammatory
cytokines, which contribute to the pathogenesis of athero-
sclerosis and other cardiovascular conditions.”® NO, pro-
duced by endothelial nitric oxide synthase (eNOS), is crucial
for vascular health as it promotes vasodilation, inhibits plate-
let aggregation, and suppresses smooth muscle cell prolifer-
ation." Reduced NO bioavailability is a hallmark of endo-
thelial dysfunction and a key contributor to CVD progression."”
Experimental studies with endothelial cell cultures have
provided valuable insights into mechanisms by which various
(poly)phenols may mediate endothelial function.'®™® For
instance, resveratrol in human umbilical vein endothelial cells

vascular
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(HUVECs) significantly upregulate eNOS expression, increasing
NO production and improving endothelial function.'®
However, phenolic metabolites have been shown to play a
more significant role than their parent compounds in modu-
lating endothelial function due to their greater bioavailability
and prolonged circulation time. Studies demonstrate direct
stimulation of eNOS activity by certain phenolic metabolites
including vanillic acid and protocatechuic acid reducing super-
oxide levels by downregulating NADPH oxidase (NOX) activity,
indirectly enhancing NO bioavailability.”® Additionally, they
have been shown to enhance nitric oxide (NO) bioavailability
by activating the Akt-eNOS signalling pathway in endothelial
cells.”’ Furthermore, protocatechuic acid has been demon-
strated to reduce pro-inflammatory markers such as soluble
vascular cellular adhesion molecule-1 (sVCAM-1) through
modulation of gene expression in HUVECs, highlighting their
role in mitigating endothelial inflammation.** This modu-
lation of endothelial function has also been confirmed in
human studies via several mechanisms including upregulation
of eNOS activity, and by scavenging reactive oxygen species
(ROS), which degrade NO and reduce its bioavailability.>***
Additionally, flavan-3-ols such as epicatechin and catechin
have been shown to downregulate endothelial dysfunction
markers such as EDN1, reducing the production of the potent
vasoconstrictor ET-1, and suppress the expression of angioten-
sin-converting enzyme (ACE), which decreases Angiotensin II
levels.>>?® These mechanisms collectively enhance vascular
function, contributing to improved cardiovascular outcomes,>”
however a diverse intake of (poly)phenols is required to attain
the collective bioactive effects.

1.2 Flow-mediated dilation (FMD): a biomarker of
endothelial function

Flow mediated dilation (FMD) is the gold standard and non-
invasive assessment of endothelial function, utilising ultra-
sound to measure arterial dilation in response to shear stress,
mediated by the release of NO, with lower FMD values indicat-
ing endothelial dysfunction.?®° The clinical relevance of FMD
has been validated through the establishment of reference
values amongst a predominately European population (n =
1579), observing a mean FMD of 6.2% + 2.0%, with 0.3-0.4%
age-related decreases observed per decade. Importantly, values
below 3.1% were identified as pathological, while values above
6.5% were considered optimal.*® Moreover, ~26% of healthy
individuals with low cardiovascular risk (SCORE <1%) exhibi-
ted low FMD values (<5.4%), highlighting the complexity of
endothelial health beyond traditional risk factors.*
Observational meta-analyses further demonstrate that each 1%
increase in FMD is associated with a 13% reduction in future
cardiovascular events, reinforcing its predictive utility in both
diseased and asymptomatic populations.>® Furthermore, age-
and sex-specific reference values were established from a
pooled cohort (n = 5362), confirming that lower FMD values
correlate with key cardiovascular risk factors, including hyper-
tension, dyslipidaemia, and diabetes.*> Additionally, FMD
values below 3.1% exhibit 95% specificity for identifying indi-
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viduals at high cardiovascular risk, whereas values above 6.5%
demonstrate 95% sensitivity for excluding coronary artery
disease.’® However, the accuracy and reliability of FMD
measurements are dependent on the use of standardized
protocols. Thijssen and colleagues highlight the importance
of controlling for factors such as baseline arterial diameter,
occlusion time, and ultrasound techniques to ensure
reproducibility and comparability across studies.”® Without
such standardization, the variability in FMD results can
obscure the true effects of interventions like (poly)phenol
supplementation.®*~*°

2. Efficacy of (poly)phenol-rich foods
and extracts on FMD

Research has increasingly focused on the efficacy of (poly)
phenol-rich foods and their extracts in improving FMD and
overall endothelial function. Numerous intervention trials
(Table 1), meta-analyses and systematic reviews>*>>%3” have
explored the effects of foods such as berries, grapes, citrus
fruits, cocoa, coffee and teas, alongside their respective (poly)
phenol extracts, on cardiovascular health. Given the sensitivity
of FMD to endothelial changes, it is commonly employed as a
primary outcome in studies examining the cardiovascular
effects of (poly)phenol-rich foods.*®*° For instance, (poly)
phenols have consistently been shown to improve FMD, reflect-
ing their ability to enhance endothelial function via increased
NO bioavailability, modulation of antioxidative pathways, and
inflammation reduction, suggesting that these compounds
directly enhance endothelial function and reduce CVD risk.**°
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However, the bioavailability and bioaccessibility (the amount
or proportion of a nutrient or compound that is released from
the food matrix during digestion which becomes available for
absorption in intestine) of (poly)phenols are critical determi-
nants of their efficacy,"’ as ingested (poly)phenols undergo
extensive metabolism in the gastrointestinal tract and liver,
resulting in a wide range of metabolites with varying biological
activity.>*>** Despite this, studies have consistently shown
that (poly)phenols from various sources (Tables 1 & 2, and
Fig. 1) can improve endothelial function through their action
on NO bioavailability and their ability to mitigate oxidative
stress and inflammation.”"> However, the perceived effect may
be impacted by various factors including, class of (poly)
phenol, their bioavailability, additional food component or
matrix, health status, age and individual variability (Fig. 2).

2.1 Berries

Blueberries, cranberries, and blackcurrants are rich in (poly)
phenols (200-600 mg per 100 g fresh weight) including antho-
cyanins, flavan-3-ols, and proanthocyanidins** and signifi-
cantly contribute to dietary (poly)phenol intake, accounting
for approximately 5-20% of total anthocyanin consumption.*®
Multiple studies (Table 3) have investigated their efficacy in
modulating endothelial function as measured by FMD, high-
lighting both acute and chronic improvements with varying
ranges of total (poly)phenol content (TPC), dependant on the
timing, dosage, and food matrix.**' Despite this, variability
in outcomes—particularly regarding the long-term efficacy of
certain berries like cranberries—warrants further analysis.
Blueberries have been the focus of several
studies,*®*7:36758:60.143 indjcating their beneficial effects on

Table 1 Summary of acute flow-mediated dilation (FMD) responses within different food groups

Proportion of studies demonstrating

(Poly)phenol dose range Acute FMD changes

Food group a significant effect on FMD (mg) (%)
Whole food

Berry (1 = 8) 5/8 200-1910 0.9-2.6
Grape (n=4) 3/4 NR 0.3-8.6
Citrus fruits (n = 3) 1/1 32-345 1.5-2.1
Cocoa (n =12) 7/12 185-3282 0.7-5.7
Coffee (n = 8) 5/8 89-900 1.1-3.4
Tea (n=3) 3/5 398-733 1.4-4.8
Extract

Berry (n = 7) 3/4 116-1791 1.0-2.4
Grape (n=0) NA NA NA
Citrus fruits (n = 1) 0/0 272-600 1.5
Cocoa (n=1) 1/1 150-3282 0.7-5.9
Coffee (n =2) 1/2 355 0.3-2.3
Tea (n = 3) 1/3 330-1817 0.2-3.9
Pure phenolic

Epicatechin (n = 2) 1/2 10-100 1.2-2.9
Resveratrol (n = 2) 1/2 30-270 2.5-3.6
Quercetin (n = 1) 0/1 160 NA
Hesperidin (n = 1) 0/1 450 NA

Acute changes in flow-mediated dilation (FMD) within different food grouped by whole foods (including whole fruits or derived products such as
juices, wines etc.) extracts (including freeze-dried food components administered as capsules, reconstituted in water, or used to enrich derived
food or a meal) and pure phenolic compounds. FMD, flow-mediated dilation; n, number of studies; mg, milligram; NR, not reported; NA, not

applicable.
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Table 2 Summary of chronic flow-mediated dilation (FMD) responses within different food groups
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Proportion of studies demonstrating

(Poly)phenol dose range

Chronic FMD changes

Food group a significant effect on FMD (mg) (%)
Whole food

Berry (n = 3) 2/3 12-835 0.9-1.1
Grape (n=3) 2/3 965 0.8-8.7
Citrus fruits (n = 4) 2/4 212-419 0.2-2.2
Cocoa (n = 14) 7/14 185-1113 1.0-5.6
Coffee (n = 2) 1/2 300-780 3.3
Tea (n=6) 5/6 100-1188 1.2-3.8
Extract

Berry (n = 4) 2/4 116-1910 1.1-1.45
Grape (n = 12) 6/12 1.65 (NR) 0.3-5.5
Citrus fruits (n = 4) 3/4 500-600 2.0-7.2
Cocoa (n = 3) 2/3 523-690 1.2-1.8
Coffee (n = 0) NA NA NA
Tea (n=1) 1/1 1350 3.5
Pure phenolic

Epicatechin (n = 1) 1/1 10-100 1.1
Quercetin (n =1) 0/1 160 NA

Chronic changes in flow-mediated dilation (FMD) within different food grouped by whole foods (including whole fruits or derived products such
as juices, wines etc.) extracts (including freeze-dried food components administered as capsules, reconstituted in water, or used to enrich derived
food or a meal) and pure phenolic compounds. FMD, flow-mediated dilation; n, number of studies; mg, milligram; NR, not reported; NA, not

applicable.
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endothelial function, reporting acute improvements in FMD biphasic response (a second peak) occurring around 6 hours

ranging from 0.9% to 2.4%, typically observed within 1 to
2 hours post-consumption with some studies observing a

This journal is © The Royal Society of Chemistry 2025

post-ingestion.”” Dosages ranging between 300 mg and
1800 mg TPC (Fig. 3) have been tested, but many findings
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suggest that benefits plateau at moderate doses (~750 mg),
with higher doses failing to offer additional vascular improve-
ments.”” This plateau effect underscores the importance of
optimal dosing. Curtis and colleagues demonstrated a 1.45%
increase in FMD with a daily intake of 1 cup (150 g) equivalent

8724 | Food Funct, 2025, 16, 8720-8763

of freeze-dried blueberries (879 mg TPC) over six months in
individuals with metabolic syndrome.”” However, the study
also found that a lower dose (approximately 75 g, which aligns
closely with the recommended portion size of 80 g) did not
elicit significant FMD improvements. These findings suggest

This journal is © The Royal Society of Chemistry 2025
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30 mg Resveratrol - *10.57% from baseline

FMD%
Control - |0.81% from baseline FMD%

30 mg Resveratrol - *12.50% from Control

FMD%
90 mg Resveratrol — *12.40% from Control

FMD%
270 mg Resveratrol - ¥13.60% from Control

FMD%
Control - 4.10% FMD

FMD Outcomes

Intervention and (poly)phenol Content

(mg)
Control (Calcium Hydrogen Phosphate,

microcrystalline cellulose)
Control (Calcium Hydrogen Phosphate,

Resveratrol (30, 90, 270 mg)
microcrystalline cellulose)

Resveratrol (75 mg)

BMI (kg m™?)
33.3+0.6
28.7+ 0.6

Age (y)
+1.3
+

61
5

Duration
Chronic

(6 wk)
Acute (1 h)

Health Status
Overweight/obese
Overweight/obese

Crossover
Crossover

Study
p <0.05; 1, p <0.01; L p < 0.001. BMI, body mass index; CC, caffeinated coffee; CAD, coronary artery disease; CVD, cardiovascular disease; CVR, cardiovascular risk; DC, dark chocolate or decaffei-

resented as mean + standard deviation (where not available, the range is provided). Significane compared to control denoted using; *, p < 0.05;**.p < 0.01;***, p < 0.001. Significance compared to

Type of
Intervention design
Extract
Extract

nated coffee (context-dependent); DP1-10, degree of polymerization 1-10; DP2-10, degree of polymerization 2-10; d, day(s); F&V, fruit and vegetables; FMD, flow-mediated dilation; g, grams; GSE, grape seed extract; HCCGA,

high CGA coffee; hFCD, high flavan-3-ol cocoa drink; h, hour(s); IFCD, low flavan-3-ol cocoa drink; kg, kilograms; IFCD, low flavan-3-ol cocoa drink; M, males; MC, milk chocolate; MCCGA, medium CGA coffee; mg, milligrams;

28, 43% M
19, 74% M

MGS, muscadine grape seed; MOF, monomeric and oligomeric flavan-3-ols; mth, month(s); n, number of participants; ND, not disclosed; NR, not reported; RGC, red grape concentrate; TPC, total (poly)phenol content; pM,

micromolar; WC, white chocolate; wk, week(s); y, years.

Table 3 (Contd.)
Author (Year)
Population

Wong et al. (2013)***
Wong et al. (2011)**?
Age and BMI values are
baseline denoted using;

n
n
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that an above average, but more importantly sustained intake
of blueberries can provide long-term benefits without requir-
ing excessive consumption. However, an important consider-
ation which warrants further investigation, is the lack of
studies investigating blueberries as a whole food. This high-
lights questions regarding the efficacy of whole blueberries, as
processing, such as freeze-drying, can concentrate (poly)
phenols, enhancing their bioaccessibility and bioavailability
and thus their impact on FMD.

Cranberries, like blueberries, have been studied for their
vascular effects, albeit results have shown less consistency, par-
ticularly in chronic interventions. Although reports indicate a
modest and statistically significant 1% increase in FMD (from
7.7 £ 2.9% to 8.7 + 3.1%, P = 0.01) four hours after acute con-
sumption of cranberry juice (835 mg TPC) in an uncontrolled
pilot study involving medicated patients with coronary artery
disease (CAD), no significant changes were observed following
four weeks of daily intake.”® Consistent with the previous find-
ings, Rodriguez-Mateos and colleagues demonstrated that
cranberry juice (ranging from 409 mg to 1910 mg TPC) pro-
duced acute dose-dependent improvements in FMD increasing
up to 2.6%. Notably, a significant effect detected at 787 mg
TPC, similar to that of the previous study. Moreover, a plateau
effect was again observed at 1200 mg TPC.>* Given that acute
improvements were observed in both studies, irrespective of
health status (healthy vs. CAD patients), the key distinction lies
in the chronic response, warranting further investigation. A
more recent study®® found significant acute (1.5%) vascular
improvements aligning with the previous study but, more
importantly, significant (p < 0.05) chronic (1.1%) improve-
ments in FMD with a daily intake of cranberry extract (525 mg
TPC), confirming the presence of persistence effects of cran-
berries, although the mode of delivery (extract) and (poly)
phenol composition differs (anthocyanins - 94 mg vs. 23 mg
vs. 54 mg respectively).

The studies on blueberries and cranberries consistently
point to the critical role of the food matrix in modulating the
bioavailability and efficacy of (poly)phenols. Whole foods and
extracts offer varying degrees of (poly)phenol concentrations
and absorption kinetics, which directly influence their vascu-
lar effects."**'** The absorption of (poly)phenols is also influ-
enced by the interaction between the (poly)phenol compounds
and the food matrix itself."***® Complex matrices, such as
those found in whole fruits, may impede the release and
absorption of (poly)phenols in the digestive tract. In contrast,
extracts or purified forms of (poly)phenols, which lack the
complex matrix of whole fruits, are absorbed more efficiently,
resulting in higher concentrations of (poly)phenols in circula-
tion and potentially more efficacious endothelial improve-
ments. This effect was evident in one study comparing the
effects of aronia extract vs. whole fruit, demonstrating a signifi-
cant (p < 0.01) 1.2% improvement in FMD after 12 weeks of
daily extract consumption (TPC 116 mg), whereas whole fruit
(TPC 12 mg) consumption resulted in a lesser (0.9%, p < 0.05),
yet still significant improvement,*® confirming what is high-
lighted when comparing cranberries composition and result-
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Average (Poly)phenol intervention composition

Polyphenol content (mg)
g
B

N
S
B

5]
B

Citrus

0%

S
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©

£

Grapes Cocoa Coffee Tea

® Anthocyanins ® Flavonols mFlavan-3-ols W Epicatechin m Catechin

mProanthocyanidins m Procyanidins u Resveratrol m Quercetin

= Gallic acid

mHesperidin

® Narirutin = Chlorogenic acids mPhenolic acids u Caffeic acid

Fig. 3 Total polyphenol content and composition of dietary polyphenol interventions associated with significant effects. (Left) Mean + SEM total
polyphenol content (TPC) of interventions, expressed in milligrams (mg). (Right) Relative composition of polyphenol subclasses within interventions,

displayed as a percentage (%) of total polyphenol content.

ing effects.”**® These studies highlight that the food matrix
and mode of delivery significantly affect the absorption and
subsequent vascular benefits of (poly)phenols, with extracts
delivering more pronounced effects due to their enhanced bio-
availability. While some evidence suggests that extracts and
processed forms may enhance (poly)phenol bioavailability
and, in some cases, yield greater effects than whole fruits,
direct comparisons remain limited and warrant further explor-
ing. Moderate doses (100 to 200 g fresh weight or equivalent)
appear to provide meaningful improvements in FMD, typically
ranging from 0.9% to 2.5%. However, much of the available
research focuses on extract/juice-based interventions, warrant-
ing further investigation into whether the same bioactivity per-
sists when using whole-berry approaches.

In comparison, other berries, such as raspberries, blackcur-
rants, and strawberries, have been investigated to a lesser
extent. Albeit, available research illustrates promising results
regarding their impact on FMD, suggesting potential cardio-
vascular benefits warranting further exploration. For instance,
acute FMD improvements of 1.6% and 1.2% were observed
2 hours post-consumption of raspberry drinks containing
201 mg and 403 mg TPC, respectively, in healthy volunteers.
Notably, these improvements persisted at 24 hours post-con-
sumption, correlating with plasma concentrations of urolithin
metabolites, highlighting the importance of microbial metab-
olites in mediating vascular benefits.”® Blackcurrants also
show promising effects on endothelial function, as evidenced
by a Khan and colleagues® where healthy subjects with
habitually low fruit and vegetable intake showed significant
increases in FMD from 5.8% to 6.9% following 6 weeks of
daily consumption of blackcurrant juice (250 ml x 4 per day),
compared to placebo. This improvement was correlated with
increased plasma vitamin C concentrations opposed to circu-
lating phenolics, warranting further investigation. Strawberry
interventions also demonstrated a significant acute increase in
FMD by 1.5% following strawberry intake (50 g freeze-dried
powder equivalent to ~500 g fresh strawberries), suggesting
that strawberries may enhance vascular health independently

8744 | Food Funct., 2025, 16, 8720-8763

of broader metabolic changes, potentially mediated by
microbial-derived phenolic metabolites such as 3-(4-methoxy-
phenyl)propanoic acid-3-O-glucuronide.®® However, this effect
was not retained after 4-weeks consumption, raising questions
about the persistence of this benefit, although this may be
explained by the observed increase in baseline FMD% which
may have attenuated the effect size, which arguably, may be
indication of endothelial recovery. Collectively, these prelimi-
nary findings underscore the potential for raspberries, black-
currants, and strawberries to positively impact endothelial
function, despite fewer studies compared with blueberries and
cranberries. Future research should further characterize their
efficacy, optimal dosages, and mechanisms of action, includ-
ing the roles of microbial metabolites, to fully understand
their cardiovascular potential.

2.2 Grape

While many studies have reported vascular benefits from
grape (poly)phenol consumption, the effects vary depending
on factors such as (poly)phenol type, dosage, and delivery
method (whole food vs. extract), as well as the population
studied. Notably, a range of FMD improvements has been
observed across grape (poly)phenol interven-
tions.®>”>'*? Several studies have examined the impact of
grape-derived products, such as grape juice, red wine and
grape seed extract (GSE), with results showing FMD increases
ranging between 0.8% and 8% over periods of 1 to 8 weeks.
However, comparing these findings across studies reveals sig-
nificant variation, not attributable to a clear dose-response
relationship, but rather to differences in intervention duration,
food matrix, and population characteristics. For example, mod-
erate grape juice consumption (~400-600 mL day ') as calcu-
lated for a 70 kg individual, was associated with FMD improve-
ments of 1-2% over 1 to 2 weeks in at-risk populations, such
as CAD patients and smokers.®>® These modest improve-
ments suggest that even moderate (poly)phenol consumption
may exert beneficial effects on endothelial function, though
variability between studies remains. For instance, substantial

various

This journal is © The Royal Society of Chemistry 2025
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FMD increases of up to 8% in adolescents with metabolic syn-
drome were observed after a month of consuming a higher
dose of grape juice (~1260 mL day ).** However, the lack of a
control group in this study limits the validity of the findings.
Moreover, the absence of specific (poly)phenol composition
data in the studies of Hashemi and Chou®*°® further weakens
the ability to draw concrete conclusions about the mecha-
nisms driving FMD enhancements. Siasos and colleagues
further elucidate this, noting that consumption of 490 ml
concord grape juice (965 mg TPC) over 2 weeks, led to signifi-
cant improvements in FMD (1.14%, p < 0.05) in addition to
mitigating the transient decline post smoking. However, no
change in plasma lipids or glucose levels were observed and
circulating metabolites were unmeasured, raising questions
about the direct impact of (poly)phenols.

Grape-derived products including wine have also demon-
strated promising modulation of endothelial function, as
measured by FMD."® For instance, acute intake of red wine
(0.8 g ethanol per kg body weight) significantly improved bra-
chial artery FMD (1.6%, p < 0.01) in healthy men, 120 minutes
post consumption.®® Nonetheless, consumption of alcohol-free
red wine yielded a similar response at 120 minutes (1.8%, p <
0.01) in addition to substantial improvement at 30 min (4.8%,
p < 0.01),%° indicating that endothelial benefits are largely
independent of alcohol and can be attributed primarily to
wine-derived (poly)phenols, although it could be hypothesised
that the (poly)phenols present in the alcoholised red wine
mitigated the transient decline in FMD% as demonstrated
with comparison of alcohol (Japanese vodka) intake (2.0%, p <
0.05) 30 minutes post-intervention.®® In support of this, one
study®” noted that the acute detrimental effects of smoking on
FMD were mitigated by consumption of both red wine and
dealcoholized red wine (250 mL), maintaining FMD close to
baseline levels, with the dealcoholized red wine appearing to
have somewhat of a stronger effect,®” further supporting a pro-
tective role of wine/grape-derived (poly)phenols independent
of alcohol. Hampton and colleagues® further explored this
alcohol-independent benefit by demonstrating comparable
increases in postprandial FMD following consumption of a
meal and intake of a grape juice beverage (122.5 mL) with and
without alcohol (12% v/v, 21 g alcohol). Both drinks signifi-
cantly increased FMD compared to water, confirming that the
beneficial endothelial response is driven primarily by the
grape components opposed to alcohol. Additionally, signifi-
cant improvements in FMD were demonstrated in hypercholes-
terolemic individuals after daily consumption of either red
wine (250 mL day ') or grape juice (500 mL day ') for 14 days,
significantly (p < 0.05) increasing FMD by 5.5% and 6.8%
respectively. Interestingly, red wine also enhanced endo-
thelium-independent vasodilation significantly (7% p < 0.01),
an effect not observed with grape juice, suggesting a possible
additional vasodilatory mechanism attributable to red wine’s
alcohol content. Importantly, neither improvement occurred
with significant changes in plasma lipids or platelet function,
indicating a different mechanism of action. Nonetheless, the
evidence suggests that red wine has potential for improving

This journal is © The Royal Society of Chemistry 2025
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vascular function as measured by FMD. However, it is impor-
tant to note the current evidence examining wine and FMD do
not provide the (poly)phenol composition of the interventions
or the corresponding plasma concentrations of circulating
metabolites, limiting the ability to establish an association.

Studies investigating (poly)phenol extracts and FMD, gener-
ally report more consistent findings with increases typically
ranging from 2-5%. For example, a 1.1% (p < 0.05) improve-
ment in FMD was found after 4 weeks of supplementation
with 2 g day ™ of GSE (1 g of polyphenols) in subjects with
elevated vascular risk.>* Additionally, Barona and colleagues
reported significant improvements in FMD (approximately
1.7%) following daily supplementation (1 month) with 46 g
grape powder extract (266 mg TPC) in subjects with metabolic
syndrome. Additionally, a decreased systolic blood pressure
correlated with a reduction in inflammatory markers
(SVCAM-1) and increased plasma NO metabolites was
observed, highlighting anti-inflammatory effects and increased
NO bioavailability as potential mechanisms.”® Supporting this,
significant improvements in FMD (2.14%, p < 0.01) were
observed following daily intake of 400 mg red grape cell
powder over 12 weeks in prehypertensive and mildly hyperten-
sive subjects. Moreover, the researchers noted improvement of
plasma lipids although these did not reach significance.”* In
contrast, Greyling and colleagues reported no statistically sig-
nificant differences in blood pressure or FMD following eight
weeks of high-dose grape and wine polyphenol supplemen-
tation (800 mg total polyphenols daily) in hypertensive
patients already on antihypertensive medication.”> This
suggests that the vascular efficacy of grape-derived polyphenols
may be attenuated or masked by pharmacological intervention,
emphasizing the necessity for further investigation into inter-
actions between dietary polyphenols and existing medication
regimens. Additional reports, also founds no significant
improvement in brachial artery FMD with a muscadine grape
seed supplement (83.98 mg TPC) in individuals at high cardio-
vascular risk, although a significant increase in resting bra-
chial artery diameter was observed suggesting some level of
vascular improvement.””

Although the consumption of grape-derived (poly)phenols
consistently improves FMD across multiple studies, whole
foods, such as grape juice, appear to have quite a high degree
of variability in response, although this appears to more preva-
lent in grape juice studies as studies on wine show some
degree of endothelial improvement across all studies, whether
it is improving FMD or mitigating a transient decline.
However, it must be noted that the removal of alcohol from
these interventions, appears to offer more pronounced effect
size likely mediated by the phenolics. In contrast, extracts
appear to provide more consistent results, partly because of
lack of interacting food components but also the length of the
studies allowing sufficient exposure time for the phenolics and
their metabolites to have an effect. However, the optimal
(poly)phenol dosage to maximize FMD improvements without
eliciting a plateau effect remains an area that requires further
investigation. Additionally, it is important to note that GSE has
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a distinct (poly)phenol composition compared to whole grapes
or grape juice. While GSE is primarily composed of proantho-
cyanidins, whole grapes particularly red or purple varieties
which contain anthocyanins alongside a broader range of
(poly)phenols. These compositional differences may influence
their respective vascular effects and mechanisms of action.
Moreover, the lack of detailed data on circulating (poly)phenol
metabolites presents a significant limitation in our under-
standing of how these compounds exert their cardiovascular
benefits. Therefore, future research should focus on optimiz-
ing (poly)phenol bioavailability, understanding long-term
effects, and refining dosage recommendations to ensure
maximum cardiovascular benefits.

2.3 Citrus fruits

Citrus fruits contain significant levels of (poly)phenols, pri-
marily flavanones such as hesperidin and narirutin. Although
research in this area is limited, several studies have reported
potential benefits with respect to endothelial function includ-
ing effects on FMD.®”°® For instance, daily consumption
(500 ml) of red orange juice (ROJ) over one week significantly
improved FMD from 5.7% + 1.2% to 7.9% + 1.4% (p < 0.001)
in subjects at risk for CVD. This improvement was
accompanied by reductions in inflammatory markers, includ-
ing C-reactive protein (CRP) and interleukin-6 (IL-6).%°
Similarly, two weeks of blood orange juice (BOJ) consumption
led to significant FMD improvements in overweight and obese
individuals, with an increase from 8.15% + 2.92% to 10.2% +
3.31%.% Interestingly, flavanone-rich citrus (orange) beverages
were found to mitigate (3.6%) the postprandial decline in
endothelial function following a high-fat meal.’” Collectively
these results suggest a strong mechanistic role of citrus (poly)
phenols including hesperidin and narirutin in modulating
endothelial function by increasing NO bioavailability and redu-
cing inflammation.®**>%” However, a null effect observed by
Constans and colleagues following a longer 4-week interven-
tion of BOJ in subjects with mild hypercholesterolaemia raises
questions about sustained benefits.*® This contrast may be
owed to differences in the health status of the study popu-
lation. However, the baseline FMD was lower in the aforemen-
tioned study (1.1% vs. 5.7% and 8.15%) thus a comparable
effect would be expected as the composition and dosages of
interventions were somewhat comparable,®***%% warranting
further longer-term studies to elucidate these findings.
Interestingly, daily supplementation (1000 mg day ') of
lemon and sour orange peel extracts, found notable FMD
improvements (5.50 + 2.12 to 11.99 * 4.05 and 5.55 + 2.17 to
12.79 + 5.47 respectively) after four weeks.?® The substantially
higher FMD increases observed in this study, compared to
juice-based interventions, suggest that peel extracts may
provide enhanced vascular benefits however the lack of (poly)
phenol composition or metabolomics make it difficult to sub-
stantiate. Additionally, daily hesperidin (500 mg) consumption
across 3 weeks, was also found to significantly increase FMD
in individuals with metabolic syndrome, from 7.78% + 0.76%
to 10.26% * 1.19% (p = 0.02). The study also reported signifi-
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cant reductions in inflammatory biomarkers, such as CRP and
serum amyloid A (SAA), which supports the earlier hypothesis
that hesperidin’s cardiovascular benefits are mediated by both
enhanced NO bioavailability and anti-inflammatory effects.”
Moreover, in vitro studies demonstrate that hesperitin—a
metabolite of hesperidin—stimulates NO production through
endothelial nitric oxide synthase (eNOS) activation, further
highlighting the mechanistic pathway by which hesperidin
enhances vasodilation and improves endothelial function.
These results are significant as they provide both in vivo and
mechanistic evidence of the role that hesperidin and its
metabolites play in vascular health. While these studies
strongly support the vascular benefits of citrus (poly)phenols,
some research highlights the importance of the food matrix
and dosage in determining their efficacy. Purified compounds
or peel extracts, as previously mentioned may provide a more
concentrated and bioavailable source of (poly)phenols than
juices, leading to greater improvements in FMD. This distinc-
tion between different food matrices raises important ques-
tions about how best to deliver citrus (poly)phenols for
optimal cardiovascular benefits.

2.4 Cocoa/dark chocolate

The cardiovascular benefits of cocoa (poly)phenols, particu-
larly flavan-3-ols such as epicatechin and catechin, are known
to improve NO bioavailability, mitigate oxidative stress, and
reduce inflammation; all of which contribute to improved vas-
cular health. Increasing studies have emphasized the potential
and limitations of cocoa interventions in various populations.
Heiss and colleagues provided early evidence''® of these
effects in healthy smokers, reporting a significant increase
(2.7%, p < 0.05) in FMD following acute consumption of a
high-flavan-3-ol cocoa drink (306 mg total flavan-3-ols), com-
pared to a 0.9% decrease in the low-flavan-3-ol control. This is
further supported by a follow-up study'®® involving an acute
intervention of 100 ml high-flavan-3-ol cocoa (185 mg total
flavan-3-ols) which improved FMD by 2.4%, thus confirming
previous findings. Furthermore, sustained improvements were
observed following daily supplementation of 300 ml for one
week, with a plateau (2.7%, p < 0.05) observed on the fifth day.
These findings reinforce the role of both acute and chronic
cocoa flavan-3-ol intake in modulating vascular function, par-
ticularly in individuals with elevated endothelial dysfunction
risk, though the transient nature of peak effects suggests
potential adaptation over time (Fig. 5). Interestingly, research
has indicated that cocoa flavan-3-ols may offer greater effects
in individuals with pre-existing endothelial dysfunction
(Fig. 6). For instance, daily consumption of flavan-3-ol-rich
dark chocolate (~800 mg total (poly)phenols) in patients with
peripheral artery disease significantly improved FMD by 4.0%
(p < 0.001). This improvement was accompanied by reductions
in oxidative stress markers, including a 37% decrease in
sNOX2-dp, a key marker of NADPH oxidase activity.
Concurrently, NO bioavailability increased by 57%, as indi-
cated by elevated serum nitrite/nitrate (NOx) levels. These bio-
chemical changes correlated with endothelial function

This journal is © The Royal Society of Chemistry 2025
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improvements, as evidenced by reductions in vascular
adhesion molecule-1 and sE-selectin levels. Notably, the
in vitro findings align with these results, showing that human
umbilical vein endothelial cells (HUVEC) treated with cocoa-
derived (poly)phenols (including epicatechin, catechin and
epigallocatechin-3-gallate) exhibited increased NO production
and reduced expression of adhesion molecules, including
E-selectin and VCAM-1. These findings reinforce the role of
cocoa flavan-3-ols in modulating endothelial function through
oxidative stress reduction and enhanced NO signalling.®®

In contrast, the Flaviola Health Study''® further explored
the vascular impact of cocoa flavan-3-ol supplementation in
healthy adults, reporting a modest acute FMD improvement of
0.7% after a single dose of a cocoa flavan-3-ol-rich drink
(450 mg total flavan-3-ols, 64 mg epicatechin). This is likely
attributable to the cohorts’ lack of endothelial dysfunction or
potential variations in dosage. Nonetheless, chronic sup-
plementation over four weeks induced a 1.2% increase in FMD
(p < 0.05), aligning with earlier reports,'®>*"* which observed
between 1.0-1.3% increases in FMD following consumption of
high-flavan-3-ol chocolate and cocoa supplementation for 2-4
weeks respectively. Faridi and colleagues® expanded on these
findings by evaluating cocoa-based interventions in overweight
individuals, revealing that solid dark chocolate (3282 mg total
(poly)phenols) increased FMD by 4.3%, while sugar-free cocoa
resulted in a 5.7% improvement. The addition of sugar miti-
gated the response to 2.0%. Moreover, Rodriguez-Mateos’s
research group highlighted the importance of the degree of
polymerisation (DP) of cocoa flavan-3-ols, demonstrating that
lower-degree polymerized flavan-3-ols (DP1-10) yielded a more
substantial endothelial function improvement (1.7% vs.
—0.2%), in contrast to higher polymerized fractions
(DP2-10)."** Together, these observations emphasize the
importance of flavan-3-ol composition and formulation, as
well as dietary context, in optimizing cocoa’s vascular benefits,
indicating that both whole-food products and refined cocoa
extracts can serve as effective interventions for enhancing vas-
cular health.

Additionally, cocoa (poly)phenols, particularly their metab-
olites, have been shown to modulate the production of reactive
oxygen species (ROS) through activation of AKT/AMPK/eNOS
pathways.?® This activation may mitigate NO loss from oxi-
dative stress and protect endothelial cells from damage contri-
buting to the long-term improvement of vascular function.
Moreover, the anti-inflammatory effects of cocoa (poly)
phenols, demonstrated by their ability to lower CRP and IL-6
levels, further support their role in preventing the progression
of endothelial dysfunction and atherosclerosis.’*> These
mechanisms, combined with theobromine potential to
enhance NO production and inhibit phosphodiesterase
activity, suggest that the cardiovascular benefits og cocoa are
multifactorial and extend beyond the simple enhancement of
NO bioavailability.'*° Notably, evidence from Sansone and col-
leagues demonstrated that co-administration of cocoa flavan-3-
ols with methylxanthines significantly enhanced FMD
responses compared to flavan-3-ols alone (2.5% vs. 1.4%, p <
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0.05). This effect was associated with an increased plasma con-
centration of epicatechin metabolites, suggesting that methyl-
xanthines enhance flavan-3-ol bioavailability, leading to
greater improvements in endothelial function. These findings
underscore the complex interactions between cocoa flavan-3-
ols and methylxanthines, highlighting the importance of con-
sidering the full cocoa matrix when evaluating its vascular
effects.'*!

To summarise, cocoa (poly)phenols, particularly flavan-3-
ols such as epicatechin, offer significant potential for improv-
ing endothelial function, as evidenced by the robust increases
in FMD observed across multiple studies. The dose-dependent
nature of these effects, as well as the influence of food
matrices and the correlation between circulating metabolites
and FMD, underscores the complexity of cocoa’s impact on
vascular health. While NO bioavailability remains a central
mechanism, the antioxidant and anti-inflammatory properties
of cocoa (poly)phenols are equally important in contributing
to their cardiovascular benefits. Future research should focus
on optimizing the delivery and establishing dosages and
dietary recommendation of cocoa (poly)phenols to maximize
their therapeutic potential, particularly in populations at high-
risk for endothelial dysfunction.

2.5 Caffeinated and decaffeinated coffee

Coffee, one of the most widely consumed beverages globally,
contains bioactive compounds such as caffeine, and chloro-
genic acids (CGAs), all of which have been linked to effects on
cardiometabolic health. The impact of coffee consumption on
endothelial function, has been extensively investigated, though
the findings remain ambiguous. The variability in results
likely arises from factors such as coffee type (ground, instant,
espresso), caffeine content, (poly)phenol concentration, and
individual tolerances. In particular, studies comparing caffei-
nated coffee (CC) and decaffeinated coffee (DC) have revealed
conflicting results. While some studies suggest that DC yields
a more favourable response in terms of FMD, CC has been
associated with detrimental or static effects, likely due to
caffeine’s influence on endothelial function.

Early reports examined the acute effects of caffeinated and
decaffeinated instant coffee on FMD in healthy subjects,
finding CC (80 mg caffeine) significantly reduced FMD from
7.78% to 2.12% at 60 minutes post-ingestion (p < 0.001), indi-
cating acute endothelial impairment.'** Similarly, a study
investigating the acute consumption of caffeinated espresso
(130 mg caffeine) reported a reduction in FMD from 7.7% to
6.0% (p < 0.001)."*° Interestingly, in both studies, DC had a
more favourable outcome. Caffeine increases sympathetic
nervous system activity, elevating circulating adrenaline and
noradrenaline levels,”>** leading to increased vascular tone
and peripheral vasoconstriction."**” This acute vasoconstric-
tion reduces arterial responsiveness, reflected as impaired
FMD. Thus, the initial endothelial dysfunction observed fol-
lowing caffeinated coffee intake is potentially driven by
caffeine-induced vasoconstrictive effects rather than (poly)
phenol content. In the study by Papamichael and colleagues,
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the reduction in FMD for DC was smaller (7.07% to 5.20%)
and non-significant, while Buscemi’s research group noted a
modest improvement in FMD (6.9% to 8.5%) with DC, though
this did not reach statistical significance. However, when
investigating dose-dependent effects in earlier research, they
found that FMD improved significantly following the con-
sumption of 1 cup (6.9% to 8.5%) and 2 cups (7.4% to 10.8%,
p < 0.001) of DC, likely due to its higher (poly)phenol and
lower caffeine content compared to instant coffee.'*® These
findings suggest that caffeine may acutely impair endothelial
function (Fig. 5), while DC, with its lower caffeine content and
higher (poly)phenol concentration, may offer protective
benefits. Decaffeinated coffee’s (poly)phenol profile and the
potential endothelial improvements may be impacted by the
decaffeination method used.'® Processes such as the Swiss
Water Process, solvent-based chemical decaffeination, and
carbon dioxide extraction differ substantially in their efficiency
at retaining chlorogenic acids and other bioactive (poly)
phenols™®"° potentially altering decaffeinated coffee’s vascu-
lar benefits. Consequently, the specific decaffeination method
may critically influence the cardiovascular outcomes associ-
ated with decaffeinated coffee consumption. However, as high-
lighted by Boon and colleagues the variability in responses
may be influenced by other factors such as brewing method,
frequency of consumption/individual tolerances, and baseline
endothelial health.''® Additives commonly consumed with
coffee, such as milk and sugar, significantly modulate its
cardiovascular effects. For instance, the inclusion of sugars
can negatively impact endothelial function through increased
oxidative stress and impaired glycaemic control, potentially
counteracting the benefits of coffee (poly)phenols.'*® Milk pro-
teins can form complexes with various (poly)phenols includ-
ing chlorogenic acids, potentially reducing their bioavailability
and subsequent endothelial benefits.'®>*®> Evidence suggests
milk protein-( poly)phenol complexes may decrease antioxidant
capacity, thus attenuating (poly)phenol-driven improvements
in FMD.'®*7'% Moreover, the type of coffee was also found to
influence FMD in a study investigating the consumption of
boiled Greek coffee in comparison other types of coffee,
noting a linear increase in FMD (4.33% to 6.47%, p = 0.032)
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with increased coffee consumption but interestingly a higher
FMD (5.26% vs. 3.65%, p = 0.035) was found with higher
intake of boiled Greek coffee compared to other coffees
respectively.'®® Therefore, both the choice of coffee type and
consumption patterns regarding additives are crucial consider-
ations when evaluating coffee’s overall vascular impact (Fig. 4).

Further research explored the time-dependent FMD
response to high-(poly)phenol coffee (HPC) and low-(poly)
phenol coffee (LPC) finding a significant biphasic FMD
increase at 1 hour for both LPC (1.10%, p < 0.05) and HPC
(1.34%, p < 0.05). At 5 hours, only HPC showed sustained
improvement (1.52%, p < 0.0001),"*> highlighting the impor-
tance of (poly)phenol content in maintaining persistent vascu-
lar improvements. The researchers further explored the acute
effects of varying doses of CGA metabolites, specifically
5-caffeoylquinic acid (5-CQA) on FMD, finding that a 450 mg
dose of 5-CQA increased FMD from 6.02% to 6.77% at 1-hour
post-ingestion, nearing statistical significance (p = 0.06).'*
These results suggest that while caffeine may induce short-
term reductions in FMD, the (poly)phenol content, particularly
CGAs, can mitigate these effects and even improve endothelial
function over time. This is supported by earlier research which
demonstrated improvements in continuous FMD response fol-
lowing doses of 450 mg (0.47%, p = 0.016) and 900 mg (0.65%,
p < 0.001) of 5-CGA, with the higher dose showing sustained
benefits up to 4 hours post-ingestion."”” Furthermore, con-
sumption of 600 mg of CGAs before a high-calorie meal was
found to mitigate the postprandial decline in FMD, preserving
endothelial function at 6 hours (5.6% vs. 4.0%, p < 0.05) com-
pared to placebo.™'® However, not all studies align with these
findings. In fact, caffeinated coffee (270 mg caffeine, 95 mg
5-CGA) was found to have significantly higher continuous
FMD response (4.081%, p < 0.001) compared to DC (132 mg
5-CGA) and control,"*® emphasizing the need to consider indi-
vidual variation and other external factors that may affect FMD
response to coffee consumption. Individual differences in
response to coffee consumption, especially concerning
caffeine, are influenced by genetic variability, notably poly-
morphisms in genes encoding cytochrome P450 enzymes such
as CYP1A2."°"""7° Individuals with fast caffeine metabolism
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(homozygous CYP1A21A alleles) generally experience fewer
negative cardiovascular effects from caffeine,'”* whereas those
with slow metabolism (carrying the CYP1A21F allele) may
show heightened sensitivity to caffeine-induced vasoconstric-
tion and endothelial impairment.’”"'”> These genetic vari-
ations highlight the complexity of assessing coffee’s cardio-
vascular effects across populations, underscoring the necessity
of personalized nutritional recommendations. These findings
underscore the potential of CGA extracts to improve endo-
thelial function through their antioxidant and NO-mediated
mechanisms, offering more predictable benefits than whole
coffee (Fig. 2).

2.6 Black and Green tea

Tea is another commonly consumed beverage globally and rep-
resents approximately 35-40% of dietary (poly)phenol intake
in certain populations, contributing significantly to the
reduction of cardiovascular disease risk and improvements in
vascular health through its bioactive compounds.*>"7*'”* For
instance, daily consumption of black tea (450 ml) significantly
improved FMD in patients with CAD, increasing from 5.2% +
0.7% to 9.4% + 1.0% immediately after consumption (p <
0.001), with further gains to 10.7% + 1.2% after four weeks."*
These sustained benefits were attributed to enhanced NO bio-
availability, mediated in part by the catechins in black tea,
which upregulate antioxidative pathways, reducing reactive

This journal is © The Royal Society of Chemistry 2025

oxygen species (ROS) and protecting NO from degradation. In
comparison, studies investigating green tea have shown more
variable effects, ranging from significant improvements in
FMD (2.3% = 0.4%, p < 0.01), concurrent with reductions in
oxidative stress among hypertensive patients consuming five
cups of green tea daily for eight weeks,"*° to no significant
change in FMD following short-term green tea consumption in
healthy participants.”® Black tea and green tea differ substan-
tially in their (poly)phenolic composition, notably regarding
catechins. Green tea predominantly contains unoxidised cate-
chins such as epigallocatechin gallate (EGCG), epicatechin
gallate, epigallocatechin, and epicatechin."”>'”® Conversely,
black tea undergoes enzymatic oxidation, converting catechins
into polymerized forms like theaflavins and thearubigins, sig-
nificantly altering their bioavailability and their putative
bioactivity."””"®° Interestingly, one study that demonstrated
beneficial improvements in FMD (4% + 1%, p < 0.05) following
consumption of black tea, also noted that the addition of milk
nullified this benefit, likely due to milk proteins binding to tea
catechins and reducing their bioavailability."** This suggests
that black tea, consumed without milk, may be more effective
in promoting endothelial health. The importance of bio-
availability was further highlighted in a study observing that
higher plasma concentrations of catechins were associated
with greater FMD improvements.*” Participants consuming
five cups of green tea daily for one week had plasma levels of
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across different health statuses. (Right panels) Mean AFMD% for each polyphenol-rich food group, calculated from relevant studies within each cat-

egory for acute and chronic interventions.

90 nmol L™ for epicatechin and 180 nmol L™" for catechin,
correlating with an increase in FMD from 6.3% * 0.7% to 7.9%
+0.9% (p < 0.05),** underscoring the importance of catechin
absorption and individual metabolic differences in determin-
ing vascular outcomes.

Studies comparing populations with compromised versus
healthy endothelial function highlight notable differences in
FMD responses to tea (poly)phenols."®" showed that black tea
consumption significantly increased FMD from 8.3% + 1.5%
to 14.0% = 2.0% (p < 0.05) in renal transplant recipients, a
population with compromised endothelial function,
suggesting that tea (poly)phenols may provide greater benefits
to individuals with existing cardiovascular or endothelial
impairments. Similarly, Grassi and colleagues found signifi-
cant improvements in hypertensive patients,"*° while studies
on healthy individuals,?'"**'*> have often reported less pro-
nounced or transient effects, and may arise due to a potential
‘ceiling effect’, limiting the magnitude of measurable FMD
improvements following (poly)phenol consumption. This may
indicate that (poly)phenols beneficial vascular effects are more
pronounced in individuals with baseline endothelial impair-
ment, however a recent meta-analysis comparing n = 26
studies investigating flavan-3-ols found a linear increase in
chronic AFMD% response with increasing baseline FMD, indi-

8750 | Food Funct,, 2025, 16, 8720-8763

cating that those with a lower baseline FMD may have a dimin-
ished effect, which may be resultant of a compromised endo-
thelial cellular function."®>

In summary, both black and green tea have demonstrated
their capacity to improve endothelial function.'”*"8318*
However, the bioavailability of catechins, influenced by factors
such as milk addition and individual metabolic differences,
plays a crucial role in determining the efficacy of tea (poly)
phenols. Populations with compromised endothelial function
appear to experience greater benefits from tea consumption,
suggesting that regular intake may be effective in reducing
cardiovascular risk among individuals with existing vascular
impairments. However, the recent evidence from Lagou and
colleagues suggests that it may be the opposite of this and war-
rants further investigation.

3. Relationship between circulating
metabolites and FMD

(Poly)phenols exert their beneficial effects on cardiovascular
health primarily through the action of their circulating metab-
olites, which modulate endothelial function and FMD,"#>:186
These metabolites, including phase II conjugates such as

This journal is © The Royal Society of Chemistry 2025
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ferulic acid, vanillic acid, homovanillic acid, play a critical role
by reducing oxidative stress, modulating inflammation, and
enhancing NO bioavailability."®”'®® One of the key mecha-
nisms by which these metabolites function is through their
modulation of redox-sensitive cell signalling pathways, particu-
larly those regulating endothelial NO production.'>*>**° This
action prevents the degradation of NO, ensuring its availability
for cell signalling and vasodilation.”'°"'*> Moreover, these
metabolites have also been shown to upregulate eNOS
through activation of the PI3K/Akt and AMPK/SIRT1 signalling
pathways, which enhance eNOS phosphorylation, transcrip-
tion, and enzymatic stability,"**'**'%* further increasing NO
bioavailability.

Cranberries, blueberries, and other berries are particularly
rich in anthocyanins and ellagitannins. However, their cardio-
vascular benefits are primarily mediated through the action of
their metabolites. Cranberry-derived metabolites, such as
cinnamic acid-4’-glucuronide and 3’-hydroxycinnamic acid,
have been identified as predictors of FMD improvements,
suggesting that the vascular benefits of (poly)phenol-rich
foods are closely tied to bioavailability and metabolite profiles.
These metabolites support NO bioavailability and reduce oxi-
dative stress, contributing to improvements in FMD within the
range of 1% to 3%. Similarly, after consuming blueberries,
phenolic metabolites such as vanillic acid (30-40 nmol L")
and homovanillic acid (40-50 nmol L) have been linked to
FMD improvements ranging from 2% to 4%.*>>"!%°
Additionally, microbial-derived metabolites including uro-
lithins, also play a significant role. Urolithins are produced
from the breakdown of ellagitannins by the gut microbiota
and have been shown to enhance FMD by regulating the Nrf2
pathway.'*® This pathway activates antioxidant genes such as
heme-oxygenase-1 (HO-1), which reduces endothelial oxidative
stress. Although urolithins do not directly impact NO bio-
availability, their strong antioxidant properties contribute to
improvements in vascular function.’® The extent of these
benefits can vary due to differences in gut microbiota compo-
sition among individuals, affecting the metabolism and circu-
lation of (poly)phenol-derived metabolites.'®*'°® Together, the
metabolites from berries and the microbial-derived urolithins
highlight the complexity of (poly)phenol metabolism and its
role in sustaining vascular health.

Cocoa and tea, rich in flavan-3-ols such as epicatechin and
catechins, have also been shown to improve FMD through
similar mechanisms.’™'®” Cocoa-derived epicatechin, reaches
concentrations of 600-800 nmol L™ approximately 1-2 hours
post consumption, and is associated with FMD improvements
in the range of 3% to 5%.">*'8*'9% Epjcatechin and catechin
metabolites enhance NO bioavailability by upregulating endo-
thelial nitric oxide synthase (eNOS) and mitigating oxidative
stress through the inhibition of nuclear factor kappa B (NF-
kB), a key regulator of inflammation.'®® These effects are sus-
tained for several hours post-consumption, with cocoa metab-
olites remaining in the bloodstream reaching peak concen-
tration between 4-6 hours and remaining in the circulation up
to 48 h hours post-consumption, contributing to prolonged
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vascular benefits.'®>*° In tea, catechin metabolites present at
90-180 nmol L™ after consumption have been associated with
FMD improvements of 1.5% to 4%, further supporting the
hypothesis that (poly)phenol metabolites from both tea and
cocoa enhance NO bioavailability and promote endothelial
health.

Coffee, rich in chlorogenic acids, follows a similar
pathway. Ferulic acid, a metabolite of chlorogenic acid,
reaches concentrations of 0.1-0.15umol L™" after consuming
chlorogenic acid-enriched coffee. This metabolite is linked
to modest FMD improvements in the range of 1% to 3%,
attributed to enhanced antioxidant enzyme activity, such as
superoxide dismutase (SOD), which reduces oxidative stress
and preserves NO bioavailability."*> Similar to other (poly)
phenol-rich foods, the impact of coffee on FMD is strongly
linked to the bioavailability of its circulating metabolites and
the duration of their presence in the bloodstream. The dur-
ation and extent of metabolite presence in the bloodstream
are critical for optimizing vascular benefits, however, the bio-
availability and metabolism of (poly)phenols vary between
individuals due to differences in gut microbiota compo-
sition, genetic factors, and health status, which can affect
circulating levels of active metabolites and the extent of
endothelial improvements.?°%72%3

4. Potential for dietary guidance

(Poly)phenol dietary recommendations for cardiovascular
health have gained considerable attention due to their poten-
tial role in various metabolic pathways.’®'*7>°*2% However,
translating these recommendations into practical dietary
guidelines remains challenging due to the natural variability
of (poly)phenol content in foods. Factors such as climate, soil
conditions, and harvest timing can significantly affect (poly)
phenol levels in the same food type.'***°®?°” For instance,
wild blueberries contain approximately 487 mg anthocyanins
per 100 g in contrast to highbush blueberries (~130 mg per
100 g). Consequently, consuming 80 g wild blueberries would
meet an efficacious dose (~390 mg anthocyanins), while nearly
200 g of highbush blueberries would be required to achieve
similar bioactivity."® Similarly, cocoa (poly)phenol content
varies markedly due to cultivation and processing methods,
ranging from 50 to 150 mg flavan-3-ols per 100 g in commer-
cial dark chocolate.”>*?°® This variability underscores the
importance of standardized (poly)phenol measurements to
inform accurate dietary guidance. This variability complicates
efforts to establish reliable guidelines based on total (poly)
phenol content (TPC). Typically, dietary recommendations
focus on portion sizes rather than precise nutrient quantities,
which complicates ensuring optimal intake for cardiometa-
bolic health.

Interestingly, habitual background (poly)phenol intake
may influence the magnitude of cardiovascular benefits
observed with supplementation or dietary interventions. Data
from the EPIC study*®® indicate that individuals in lowest per-
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centile of flavan-3-ol consumption (<100-150 mg day '), were
at higher risk for high BP and CVD Risk. Complimenting
this, evidence from the COSMOS study,” suggests that indi-
viduals with lower baseline flavanol intake or poorer-quality
habitual diets may experience more pronounced improve-
ments in cardiovascular outcomes and biomarkers such as
FMD when supplemented with cocoa flavanols. In line with
this evidence, the Academy of Nutrition and Dietetics recently
recommended a daily flavan-3-ol intake of 400-600 mg,>®
which not only aligns with typical dietary flavan-3-ol intakes
(200-500 mg day *)***21%211 put also with tested dosages of
cocoa and tea which elicited responses in FMD studies
(Tables 1 & 2). This recommendation is sufficient to attain
the associative benefits while remaining below the plateau
range (500-100 mg day ‘). However dietary guidance for
cocoa in particular is complicated, as the typical interven-
tions used in clinical studies such as the COSMOS trial have
more highly concentrated (poly)phenol compositions than
that of commercially available cocoa and dark chocolate.” In
contrast, anthocyanins, and chlorogenic acids, found in
foods like berries and coffee respectively, have daily con-
sumption levels generally below the dosages used in clinical
intervention studies. For instance, average daily intake of
anthocyanins ranges from 10 mg to 50 mg day ', which is
considerably lower than the quantities used in FMD studies
(20-400 mg), equivalent 100 g to 300 g which also falls
outside the general recommendations for a portion (60-80 g)
of berries. Similarly, daily intake levels of hydroxycinnamic
acids (up to 231.8 mg day '), including (poly)phenols such as
chlorogenic acids are lower than the typically tested ranges
(>300 mg), this is further complicated with variations in
coffee consumption patterns, types of coffee used and prepa-
ration methods.>*>210211

Fortification or enrichment may provide a practical solution
to the variability in (poly)phenol content across natural
sources.'?”?'* Enriching foods with (poly)phenols can ensure
more consistent intake by controlling TPC levels and more
importantly specific bioactive phenolics, making it easier to
meet the dosages shown to be effective in clinical
research.'***'® Importantly, (poly)phenols have been shown to
remain stable during food processing preserving their bio-
active properties and health benefits. For example, cereal pro-
ducts enriched with cranberry (poly)phenols maintained their
anthocyanin content even after high-temperature processing,
ensuring the bioactive compounds remain intact post-manu-
facture.>'* Albeit stability does not guarantee that (poly)
phenols will maintain their bioavailability as the food matrix
may be altered, introducing other food components which
may inhibit absorption, such as sugar, fat and proteins thus
mitigating any potential benefits. For instance, blueberry buns
fortified with (poly)phenols did not impact TPC although did
alter the polyphenol composition, decreasing anthocyanins by
~42% and increasing chlorogenic acid content. This compo-
sitional change also impacted the Cmax and AUC of various
metabolites. Nonetheless, significant improvements in endo-
thelial function were observed in comparison to non-enriched
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bun and comparable to the blueberry drink positive control,
demonstrating that bioactivity was preserved following proces-
sing.’® Other studies also confirm (poly)phenol stability
during food processing, for instance orange juice enriched
with hesperidin, provided greater improvements in endothelial
function than regular juice, showing the potential of enrich-
ment in widely consumed beverages.®® While coffee fortified
with cocoa®'® and enriched with chlorogenic acid'”
demonstrated to be stable, yielding favourable endothelial
modulation. However, implementation of (poly)phenol fortifi-
cation in public health contexts is constrained by both regulat-
ory and practical considerations.*®*'®*'” Regulatory frame-
works for functional foods and nutraceuticals vary internation-
ally, often requiring extensive safety and efficacy evaluations
before approval.>'®?!” Additionally, practical barriers such as
the cost of high-purity extracts and consumer acceptability/tol-
erance of fortified products must be considered to ensure safe
and effective applications.”’®*'® Addressing these challenges
is critical if fortification strategies are to complement dietary
diversification as a means of maximising the cardiometabolic
benefits of (poly)phenols.

In conclusion, dietary (poly)phenols and (poly)phenol-
rich foods beneficially modulate endothelial function as
measured by FMD. While the development of dietary rec-
ommendations for cardiometabolic health is essential, their
implementation is hindered by the lack of confirmed (poly)
phenol content of various foods and the intrinsic variability
in (poly)phenol content across food sources, making it chal-
lenging to establish precise intake guidelines. Whilst the esti-
mated daily intake of (poly)phenols in Western populations
can reach approximately 1000-1200 mg day *,*>*'* exceeding
efficacious dosages used in many clinical trial, this intake is
largely derived from a limited range of sources, primarily tea,
coffee, and cocoa providing specific subclasses such as
flavan-3-ols and chlorogenic acids which may also be
impaired by other food matrix components such as sugar and
milk. Albeit, these compounds have well-established health
benefits, yet the lack of diversity restricts exposure to other
beneficial compounds including anthocyanins, flavanones
etc. which limits potential complementary and/or distinct
bioactive effects. Furthermore, these intake estimations rely
on dietary self-reporting, which is subject to inaccuracies,
and do not account for inter-individual differences in metab-
olism, absorption, or the influence of other dietary com-
ponents on (poly)phenol bioavailability or the resulting
bioactivity. Critically, evidence consistently suggests that
greater (poly)phenol consumption is associated with
enhanced health benefits, indicating that current dietary pat-
terns may still be suboptimal. Moreover, if typical dietary
sources were sufficient to maximize (poly)phenol-mediated
health effects, higher intakes would not correspond with
additional benefits. Given this, strategies to enhance (poly)
phenol intake through fortification and enrichment techno-
logies warrant further exploration. These approaches may
offer a means of increasing overall intake and ensure the con-
sistent delivery of bioactive compounds, however compo-

were
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sitional changes present a challenge as the associated bioac-
tivity may be altered or diminished dependant on the degree
of the compositional and/or food matrix change and may
warrant revaluation if potential nutrition or health claims are
to be utilised by industry.

Nonetheless, the establishment of dietary recommen-
dations remains a critical area of research, as it will define
effective daily intakes while accounting for the plateau effects
observed in many clinical trials. Understanding the thresholds
beyond which additional intake does not confer further
benefits will aid in optimizing recommendations, ensuring
that individuals achieve sufficient (poly)phenol exposure
without unnecessary overconsumption. Future research should
focus on refining both dietary guidelines and fortification
strategies, assessing their long-term efficacy in improving
cardiovascular health outcomes.
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